The components were p a r a m e t r i c a l l y v a r i e d t o g i v e a comparison o f n i c k e l electrodes, hydrogen e l e ctrodes, separators, f i l l procedures and e l e c t r ol y t e r e s e r v o i r p l a t e thicknesses.
Groups o f f i v e c e l l s were c o n s t r u c t e d using t h e same components; t e n combinations were t e s t e d i n a l l . The b a t t e r y was t h o r o u g h l y c h a r a c t e r i z e d a t v a r i o u s change and discharge r a t e s as w e l l as w i t h various p u l s e p a t t e r n s and rates.
Over a p e r i o d o f 1400 40% DOD LEO c y c l e s some o f t h e groups began t o e x h i b i t performance d i f f e r e n c e s . I n general, o n l y separ a t o r v a r i a t i o n s had a s i g n i f i c a n t e f f e c t on c e l l performance.
It a l s o appears t h a t shunt c u r r e n t s may have been o p e r a t i n g w i t h i n t h e stack, r e s u l ti n g i n e l e c t r o l y t e t r a n s f e r from one c e l l t o another, t h u s c o n t r i b u t i n g t o c e l l performance v a r i a t i o n s .
I n t r o d u c t i o n
A 50 c e l l nickel-hydrogen b a t t e r y t h a t employs t h e b i p o l a r design and assembly techniques pioneered a t t h e Lewis Research Center has been b u i l t , characterized, and t e s t e d under a p u l s e regime and a 40% DOD LEO c y c l e regime.
This h i g h v o l t a g e b a t t e r y , 65 v o l t s , was b u i l t o f subscale s i z e c e l l components having an a c t i v e area o f 2" x 2", and a c a p a c i t y of approximately one ampere-hour. T h i s b a t t e r y was assembled t o demonstrate t h e f e a s i b i l i t y of c o n s t r u c t i n g and t e s t i n g a h i g h v o l t a g e stack o f c e l l s w i t h o u t experiencing unacc e p t a b l y h i g h shunt c u r r e n t losses.
Since t h e b i p o l a r technology i s a r e l a t i v e l y new one when a p p l i e d t o t h e nickel-hydrogen system t h e r e a r e many unanswered questions concerning component v a r i a t i o n s and c o n s t r u c t i o n techniques. The components were p a r a m e t r i c a l l y v a r i e d t o g i v e a comparison o f n i c i t e l electrodes, separ a t o r s , hydrogen electrodes, f i l l procedures, and e l e c t r o l y t e r e s e r v o i r p l a t e thicknesses.
No attempts were made t o l i m i t e l e c t r o l y t e paths and subsequent shunt currents.
Groups o f f i v e c e l l s were c o n s t r u c t e d using t h e same components, ten combinations were t e s t e d i n a l l . The b a t t e r y was t h o r o u g h l y c h a r a c t e r i z e d a t v a r i o u s charge and 1 discharge rates.
Pulse discharge c h a r a c t e r i s t i c s were a l s o evaluated v a r y i n g from one second on and one second o f f t o f i v e seconds on and twenty seconds o f f .
The p u l s e c u r r e n t s ranged f r o m 5 amperes t o 10 amperes (5C t o 1OC). The b a t t e r y was c y c l e d on a l o w -e a r t h -o r b i t regime a t 40% depth o f discharge.
During t h e t e s t i n g , groups o f f i v e c e l l s began t o e x h i b i t v a r i a t i o n s i n p e rformance. A f t e r 1500 c y c l e s t h e b a t t e r y was d i sassembled. It i s p r e s e n t l y undergoing extensive post t e s t analyses i n an attempt t o i d e n t i f y reasons f o r t h e v a r i a t i o n s observed i n c e l l performance.
Component V a r i a t i o n s and Construction D e t a i l s
The 50 c e l l stack was c o n s t r u c t e d w i t h subscale s i z e hardware. The general c o n s t r u c t i o n t e c hniques and design d e t a i l s are s i m i l a r t o those used f o r t h e l a r g e r c a p a c i t y stacks (6.5 and 40 AH, 10 c e l l stacks) c o n s t r u c t e d e a r l i e r 1,293.
A sample o f the c e l l components i s shown i n f i gu r e 1.
The components used i n t h e stack were those a v a i l a b l e from p r e v i o u s purchases f r o m several vendors.
None o f t h e components was made The group o f f i v e c e l l s w i t h BTA separators t h a t were t o be vacuum f i 1 l e d was constructed dry, t h e n imnersed i n e l e c t r o l y t e and vacuum b a c k f i l l e d because t h e BTA does n o t have enough s t r e n g t h t o be handled and incorporated i n t o a c e l l once wet w i t h KOH. This allowed a comparison between vacuum f i l l i n g t h e separators and t h e a d d i t i o n o f a metered amount which i s r e f e r r e d t o simply as ' f i l l 1 .
Gas screen -The gas screen used i n a l l 50 c e l l s was txmet 5 N i 35 1/0, w i t h a 60 m i l nominal thickness.
T h i s m a t e r i a l was compressed t o 40 m i l s before stack c o n s t r u c t i o n . The d i f f e r e n c e s i n -t h e frame thicknesses were accommodated by v a r y i n g t h e t h i c k n e s s o f t h e ERP's.
Stack compression -The scheme f o r determining stack compression v a r i e d w i t h separator.
I n c e l l s w i t h asbestos, t h r e e layers, nominally 21 m i l s t h i c k , were compressed t o 15 m i l s , t h e t o t a l component thickenesses were s e t t o g i v e t h e d e s i r e d f i n a l separator thickness. For c e l l s with z i r c a r , i t was determined t h a t 12 m i l s excess t o t a l component unloaded thickness was r e q u i r e d t o o b t a i n the, d e s i r e d l o a d i n g on t h e c e l l s . Table I F i g u r e 2 shows curves comparing t h e v o l tage vs t i m e performance f o r a C r a t e discharge on a r e p r e s e n t a t i v e c e l l from each o f two groups (groups 4 and 8) t h a t are i d e n t i c a l except f o r the hydrogen electrodes. There i s e s s e n t i a l l y no d i f -ference i n t h e curves.
Average end-of-discharge voltages a r e p l o t t e d against c y c l e number f o r two groups t h a t vary o n l y i n n i c k e l e l e c t r o d e manufact u r e r i n f i g u r e 3. The group average end-of-aischarge voltages vary by o n l y 3 t o 5 m i l l i v o l t s .
As w i t h t h e previous comparison, t h e r e i s essent i a l l y no d i f f e r e n c e i n c e l l performance. S i m i l a r r e s u l t s were found when comparing c e l l s t h a t vari e d o n l y i n e l e c t r o l y t e f i l l procedure.
Separator v a r i a t i o n s , on t h e o t h e r hand, l e d t o v a r i e d performance d i f f e r e n c e s between t h e groups o f f i v e c e l l s . I n general t h e groups w i t h beater t r e a t e d asbestos separators had poorer v o l t a g e performance and lower c a p a c i t y than t h e groups w i t h z i r c a r separators. T h i s i s as expected s i n c e t h e asbestos has a h i g h e r r e s i s t a n c e t h a n t h e z i r c a r 5 .
The group o f c e l l s w i t h t h e combinat i o n zircar/BTA separator performed more l i k e those w i t h z i r c a r than those w i t h asbestos. The ' s t a nd a r d ' c o n f i g u r a t i o n has demonstrated much b e t t e r performance i n a l l previous tests1,2,6.
The c e l l s appeared t o have a r e s i s t a n c e problem. F o r t h i s group o f c e l l s t h e c a p a c i t y appears t o be a v a i l a b l e ; however, much o f i t i s obtained below 1.0 v o l t .
One c e l l , number 23, from group 5 ( w i t h t h e z i rcar/BTA separator) e x h i b i t e d a s i m i l a r , b u t much more uniform, degradation. I n t h i s c e l l t h e r e was very l i t t l e capacity obtained between 1.0 v o l t s and 0 v o l t s on t h e f u l l discharges, i n d i c a t i n g t h a t a l l o f the c a p a c i t y had been removed by t h e t i m e t h e voltage f e l l o f f , suggesting a s h o r t i n g mechanism o f some s o r t o r a charge acceptance problem. A t cycle 1280 t h e vessel was opened and e l e c t r o l y t e was added t o c e l l s 23 (group 5), 46, 48 and 50 (group 10).
With B a t t e r y Teardown -P r e l i m i n a r y Analysis_ -A l l components were v i s u a l l y inspected upon removal from t h e stack. I n general t h e r e was no obvious, extensive damage t o any hydrogen e l e c t r o d e s even though i n t h e c e l l s w i t h z i r c a r oxygen could f r e e l y cross t h e separator and recombine on the hydrogen e l e c t r o d e surface.
However, s l i g h t p i nholes may have gone unnoticed because a l l of the negatives had been used p r e v i o u s l y . Some of t h e n i c k e l e l e c t r o d e s i n c e l l s w i t h asbestos separat o r s e x h i b i t e d growth p r i m a r i l y i n t h e areas t h a t d i d n o t correspond t o recombination s t r i p l o c at i o n s . T h i s was n o t observed i n c e l l s w i t h z i r c a r separators.
The c e l l s w i t h asbestos appeared t o be much d r i e r than those w i t h z i r c a r . Evaluation o f e l e c t r o l y t e content ( b y weight) i n t h e c e l l s shows t h a t i n general t h e c e l l s w i t h asbestos o r combination separators had t h e l e a s t amount of e l e c t r o l y t e a f t e r c y c l i n g , even though t h i s was n o t g e n e r a l l y t h e case a f t e r t h e o r i g i n a l f i l l . I n t h e bottom of t h e vessel, t h e r e was a puddle o f e l e c t r o l y t e t h a t leaked from t h e c e l l s ; however, t h e amount found was n o t enough t o account f o r t h e t o t a l e l e c t r ol y t e l o s t f r o m t h e stack. A shunt c u r r e n t mechanism can be used t o e x p l a i n t h e t r a n s f e r o f e l e c t r o l y t e from one c e l l t o another r e s u l t i n g i n a n e t increase i n t h e e l e c t r o l y t e content i n t h e c e l l s a t t h e negative end o f t h e loop. Table I 1 While i n i t i a l separat o r / r i n g s f i l l l e v e l s were comparable f o r asbestos and z i r c a r separators, t h e asbestos separators l o s t more KOH than t h e i r z i r c a r o r combination counterparts.
A s i m i l a r t r e n d was observed when comparing ERP f i l l l e v e l s i n c e l l s w i t h asbestos o r z i r c a r separators.
There i s a b e t t e r c o r r e l at i o n o f e l e c t r o l y t e fill l e v e l s w i t h separator types t h a n w i t h any o f t h e o t h e r v a r i a b l e s tested.
Component thicknesses were measured b e f o r e and a f t e r c y c l i n g .
The n i c k e l electrodes expanded from 1 t o 13 m i l s over t h e 1500 cycles. There i s no apparent c o r r e l a t i o n o f n i c k e l e l e c t r o d e e l e c t r o l y t e weight g a i n and t h e amount o f n i c k e l e l e c t r o d e expansion. Pore s i z e d i s t r i b u t i o n analyses a r e planned t o f u r t h e r evaluate t h e f i n a l n i c k e l e l e c t r o d e e l e c t r o l y t e f i l l vs t o t a l pore volume.
As found w i t h e a r l i e r stacks7 t h e ERP compressed t o accommodate n i c k e l e l e c t r o d e expansion. ?he n i c k e l e l e c t r o d e s exi;anded an average o f 6.25 m i l s and t h e ERP'S compressed by an average o f 4.6 m i l s . F u r t h e r t e s t i n g i s planned t o h e l p i d e n t i f y t h e causes f o r t h e e l e c t r o l y t e l o s s from c e l l s w i t h asbestos separators.
E l e c t r o l y t e i s being ext r a c t e d from t h e separators and r i n g s o f s e l e c t e d c e l l s f o r a n a l y s i s o f KOH and carbonate concentrat i o n s .
Flooded c a p a c i t y t e s t s are planned t o evaluate i f c a p a c i t y v a r i a t i o n s can be a t t r i b u t e d t o n i c k e l e l e c t r o d e d i f f e r e n c e s as opposed t o spec i f i c c e l l c y c l i n g c o n d i t i o n s , such as e l e c t r o l y t e c o n t e n t and d i s t r i b u t i o n .
Concluding Remarks
We were able t o demonstrate successful o p e r a t i o n o f a 50 c e l l , h i g h v o l t a g e b i p o l a r nickel-hydrogen b a t t e r y .
Although shunt c u r r e n t s may have been o p e r a t i n g w i t h i n t h e stack t h e y were 
